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Social cues contribute to the circadian entrainment
of physiological and behavioral rhythms. These
cues supplement the influence of daily and seasonal
cycles in light and temperature. In Drosophila, the
social environment modulates circadian mecha-
nisms that regulate sex pheromone production and
mating behavior. Here we demonstrate that a neuro-
endocrine pathway, defined by the neuropeptide
Pigment-Dispersing Factor (PDF), couples the CNS
to the physiological output of peripheral clock cells
that produce pheromones, the oenocytes. PDF
signaling from the CNS modulates the phase of the
oenocyte clock. Despite its requirement for sustain-
ing free-running locomoter activity rhythms, PDF is
not necessary to sustain molecular rhythms in the
oenocytes. Interestingly, disruption of the PDF
signaling pathway reduces male sex pheromones
and results in sex-specific differences in mating
behavior. Our findings highlight the role of neuropep-
tide signaling and the circadian system in synchro-
nizing the physiological and behavioral processes
that govern social interactions.
INTRODUCTION
The circadian timing system generates oscillations in physiology
and behavior synchronized to daily cycles in environmental con-
ditions (e.g., photoperiod and temperature). By synchronizing to
the environment, the internal time-keeping mechanism provides
the organism with an adaptive advantage by enabling it to antic-
ipate reoccurring daily events. This synchronization facilitates
reproduction and coordinates feeding and metabolic rhythms,
among other processes (Dunlap et al., 2004). The social environ-
ment also influences clock time. Studies performed in various
animals, ranging from insects to mammals, have demonstrated
social influences on circadian rhythmicity (Bloch and Grozinger,
2011; Davidson and Menaker, 2003; Mistlberger and Skene,54 Neuron 79, 54–68, July 10, 2013 ª2013 Elsevier Inc.2004; Mrosovsky, 1996). Several recent studies in the fruit fly
Drosophila melanogaster have shown that social experience
affects the circadian regulation of various behaviors including
locomotor activity (Levine et al., 2002a), reproductive behavior
(Fujii and Amrein, 2010; Fujii et al., 2007), sleep (Donlea et al.,
2009), and behavioral measures of learning andmemory (Donlea
et al., 2009). Our own work in Drosophila demonstrated that
social context, defined by the genotypic composition of the
social group, affects circadian entrainment of a peripheral clock
housed within the oenocytes, cells responsible for the synthesis
and expression of cuticular hydrocarbon pheromones (Krupp
et al., 2008). Corresponding with the temporal changes to the
oenocyte clock, the social environment also affected the expres-
sion of male sex pheromones and the frequency of mating.
Because pheromonesmediate social responses, themodulation
of these signals may be important for relaying information
between members of the social group. Although the underlying
sensory mechanisms responsible for the social influences on
the circadian clock are unknown, it is possible that the modula-
tion of pheromonal signaling reflects a feedback mechanism
that facilitates social synchrony necessary for effective social
encounters.
The circadian system of Drosophila is composed of multiple
cellular clocks located in many of the tissues and organs of
the body. Because individual cells are circadian clocks, these
individual oscillators must be synchronized within a tissue;
likewise, individual tissues must be kept in a stable phase
relationship with each other in order to build a coherent circa-
dian system. For example, a defined network of approximately
150 clock neurons in the CNS governs behavioral rhythms in
Drosophila (Allada and Chung, 2010). Communication be-
tween clock neurons via the neuropeptide Pigment Dispersing
Factor (PDF) is required for free-running locomotor activity
rhythms (Renn et al., 1999). PDF is expressed and rhythmically
released by a small group of clock neurons, the ventral lateral
neurons (vLNs) (Helfrich-Fo¨rster, 1997; Park et al., 2000),
where it acts locally through its receptor, PDFR, to synchro-
nize the molecular rhythms of other neurons within the circa-
dian circuit (Hyun et al., 2005; Lear et al., 2005; Lin et al.,
2004; Mertens et al., 2005; Park et al., 2000; Shafer et al.,
2008; Yoshii et al., 2009). Although it is generally accepted
that intercellular signaling temporally structures the circadian
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behavior, it is not clear whether similar mechanisms might
regulate the timing of peripheral clock cells residing outside
of the CNS.
Circadian oscillators have been identified in numerous
peripheral tissues in Drosophila, including the olfactory and
gustatory sensilla (Chatterjee et al., 2010; Krishnan et al.,
1999; Tanoue et al., 2004), oenocytes (Krupp et al., 2008),
prothoracic gland (Myers et al., 2003), epidermis (Ito et al.,
2008), fat body (Xu et al., 2008), malpighian tubules (Giebulto-
wicz and Hege, 1997), and male reproductive system (Beaver
et al., 2002). An early study in Drosophila suggested that a
diffusible factor emanating from the brain coordinates behav-
ioral rhythms in arrhythmic mutant individuals (Handler and
Konopka, 1979), a finding that is consistent with a mammalian
model in which a ‘‘master’’ oscillator synchronizes the phase
of ‘‘slave’’ oscillators in the periphery. More recently, howev-
er, this view has been replaced by the idea that peripheral
clocks are cell autonomous in the fly. Coordinated timing be-
tween individual oscillators is thought to occur via light- and
temperature-sensitive intracellular molecular pathways that
respond to ambient conditions (Allada and Chung, 2010).
Transplantation experiments using malpighian tubules, the
renal organ of the fly, best demonstrate the cell-autonomous,
self-sustaining nature of peripheral clock cells in Drosophila.
It was shown that the molecular rhythm of transplanted mal-
pighian tubules maintains phase coherence with the donor fly
after being transferred to a host entrained to a reverse light/
dark cycle (Giebultowicz and Hege, 1997). Malpighian tubules
express the blue-light circadian photoreceptor Cryptochrome
(CRY) and can entrain directly to light in vitro (Ivanchenko
et al., 2001). Thus, peripheral clock cells in Drosophila sustain
temporal coherence with each other and with behavioral
rhythms by responding directly to the same entrainment
cues that set the phase of the central pacemaker neurons
in the brain. In this way, peripheral clocks maintain synchrony
with external environmental cues independent of input from
the central clock in the brain; the prothoracic gland is the
only known exception (Myers et al., 2003). However, whether
the central clock exerts a phase influence on the timing
mechanism of peripheral oscillators has not been rigorously
tested.
Here, we propose that a neuropeptidergic pathway origi-
nating in the CNS regulates the peripheral oenocyte clock.
We analyzed the contribution of the PDF signaling pathway
to the temporal regulation of the oenocyte clock and its phys-
iological output. We found that the PDF signaling pathway
sets the phase of the oenocyte clock under free-running con-
ditions, a consequence of the modulation of the period of the
circadian cycle. Corresponding changes in the expression of
the clock-controlled gene desat1, the production of male sex
pheromones, and the temporal pattern of mating suggest
that the modulation of the oenocyte clock by PDF signaling
is required for reproductive behavior. Direct stimulation of
the oenocytes by PDF in vivo altered pheromone expression,
indicating that PDF acts as a neuroendocrine signal with the
ability to remotely regulate the circadian physiology of periph-
eral clock cells. Together, these results demonstrate that theCNS exerts an influence on peripheral clock function in
Drosophila melanogaster and provide insight into how a
distributed circadian timing system coordinates physiological
and behavioral rhythms important for social behavior.
RESULTS
PDF Signaling Modulates the Timing of the Oenocyte
Clock
To determine whether PDF signaling plays a role in the entrain-
ment of the peripheral oenocyte clock, we examined temporal
expression patterns of the core clock genes period (per), time-
less (tim), and Clock (Clk)—three genes previously used to flag
the temporal precision of the molecular clock mechanism
(Krupp et al., 2008). The expression profiles of these clock
genes were assayed in the oenocytes of both Pdf (Pdf01) and
Pdf receptor (Pdfr5304) mutant flies and compared to wild-type
control strains Canton-S and w1118. In Pdf01 and Pdfr5304
mutant flies, pacemaker neurons maintain molecular rhythms
for several days under free-running conditions before becoming
desynchronized (Lin et al., 2004; Peng et al., 2003; Yoshii et al.,
2009); likewise, locomotor activity remains rhythmic after the
onset of constant darkness before gradually damping (Hyun
et al., 2005; Renn et al., 1999). To avoid possible masking ef-
fects attributable to these persistent rhythms, we performed
the experiments described below on the sixth day of constant
darkness (DD6).
In wild-type oenocytes, the temporal expression profiles of
per and tim were previously shown to peak during the
early night, whereas Clk peaked during the early day in a 24 hr
light:dark cycle (LD 12:12; Krupp et al., 2008). Here the circa-
dian expression of per, tim, and Clk in wild-type oenocytes
continued to be rhythmic on DD6 (Figures 1A and 1B and Tables
S1–S3 available online). Although the phase relationships be-
tween the clock genes remained stable, the peak time of
expression on DD6 was shifted by roughly 9–12 hr relative to
that previously observed in LD conditions. The shift in peak
expression reflected a long (25.5–26.5 hr) free-running period
and a corresponding delay in phase of roughly 1.5–2.5 hr for
each day in DD. Consistent with a long free-running period,
the oenocyte clock exhibited a corresponding phase delay on
DD1 (Krupp et al., 2008) and DD3 (Figure S1 and Table S1).
In Pdf01 and Pdfr5304 mutant flies, clock gene expression in
the oenocytes continued to be rhythmic under free-running
conditions and the phase relationship between the genes re-
mained fixed (Figures 1A and 1B and Table S4), indicating
that synchrony between individual oenocyte cells does not
require PDF signaling. Although rhythmic, the temporal pattern
of clock gene expression of both Pdf01 and Pdfr5304 was
significantly different from wild-type controls. In Pdf01 flies,
the time of peak expression of per, tim, and Clk was delayed
an average of 6.4 hr relative to Canton-S (Figure 1A and
Tables S1–S3), whereas in Pdfr5304 peak expression was
advanced by 3.1 hr relative to w1118 (Figure 1B and Tables
S1–S3). The direction of the drift in peak phase over succes-
sive days, as projected by comparing DD3 and DD6 (compare
Figures 1A and 1B and S1A and S1B) indicates that (1) the
oenocyte clock of Pdf01 and Pdfr5304 runs with long free-runningNeuron 79, 54–68, July 10, 2013 ª2013 Elsevier Inc. 55
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Figure 1. PDF Signaling Modulates the
Phase of the Peripheral Oenocyte Clock
(A–C) Temporal expression patterns of the clock
genes tim, per, and Clk in the oenocytes of Pdf01
(A), Pdfr5304 (B), and Pdfr5304; +; Pdf01 (C) flies as
determined by quantitative RT-PCR. Canton-S
and w1118 strains served as wild-type controls for
Pdf01 and Pdfr5304, respectively. Gene expression
was assayed on DD6. Relative gene expression
values represent the mean of n = 3 independent
replicate time series (control, black circles; mutant
genotype, gray circles). Error bars indicate ±SEM.
Best-fit cosine curves overlie the relative gene
expression values for each genotype (control,
solid black line; mutant genotype, dashed gray
line). The time of peak clock gene expression for
the Pdfr5304; +; Pdf01 is indicated in (A)–(C) (open
circle with vertical dashed line). See Tables S1–S4
for fit parameter values and statistics.
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DD6 reflect differences in the period length, with the free-
running period for Pdf01 being longer than Canton-S and that
for Pdfr5304 being shorter than w1118. The reason for the
disagreement in period length between Pdf01 and Pdfr5304 is
not yet known. These findings indicate that the PDF signaling
pathway acts to modulate the timing of the peripheral oenocyte
clock.
To further explore the interaction between Pdf and Pdfr, we
examined the circadian profile of clock gene expression in
the oenocytes of flies mutant for both genes (Pdfr5304; +;
Pdf01). Comparing Pdfr5304; +; Pdf01 to Pdfr5304 and Pdf01 mu-
tants showed that the temporal profile of clock gene expres-
sion of the double mutant was significantly different from flies
mutant for either gene alone and from the wild-type control
strains (Figures 1A–1C and Tables S1–S4). In the double
mutant, the peak phase for per, tim, and Clk expression
occurred roughly midway between Pdf01 and Pdfr5304 and is
delayed compared to Canton-S and w1118 controls. Together,
these results indicate that competing signaling events involving
PDF and PDFR may act in an opposing manner to either speed
up or slow down the molecular rhythm of the oenocyte clock.
Accordingly, when Pdf- and Pdfr-associated input was absent,
the oenocyte clock displayed a unique phase not observed in
wild-type flies.56 Neuron 79, 54–68, July 10, 2013 ª2013 Elsevier Inc.PDF Signaling Modulates Oenocyte
Physiology
Next, we examined two physiological
outputs of oenocyte activity: (1) the
expression of the clock-controlled gene
desaturase1 (desat1; Dallerac et al.,
2000; Krupp et al., 2008; Marcillac et al.,
2005) and (2) the production of cuticular
hydrocarbon compounds (CHCs; Billeter
et al., 2009), several of which function as
sex pheromones and influence mating
behavior (Ferveur, 2005; Jallon, 1984).
The desat1 gene encodes a key enzyme
involved in the metabolic pathway regu-lating the biosynthesis of male Drosophila sex pheromones
including (z)-7-Tricosene (7-T), (z)-5-Tricosene (5-T), and (z)-
7-Pentacosene (7-P; Dallerac et al., 2000; Marcillac et al.,
2005). It has been suggested that the circadian regulation of
desat1 expression within the oenocytes is responsible for daily
fluctuations in the expression level of sex pheromones on the
surface of the male cuticle (Krupp et al., 2008).
To determine whether the phenotypic effects on the oeno-
cyte clock resulting from the loss of PDF signaling correlated
with a change in oenocyte physiology, we monitored the circa-
dian expression of desat1 in Pdf01 and Pdfr5304 mutant flies
under constant dark conditions (DD6; Figure 2). The desat1
locus encodes five transcriptional isoforms (annotated
desat1-RA to -RE); all isoforms are expressed in the oenocytes
(Billeter et al., 2009) but are differentially regulated by the clock
(Figure S2 and Table S5). We focused our analysis on the
expression patterns of the clock-controlled transcripts
desat1-RC and -RE. RC is the most abundant transcript in
the oenocytes and is expressed in most, if not all, tissues; in
contrast, RE is expressed at a low level but is restricted to
only the oenocytes and male reproductive organs (Billeter
et al., 2009). In wild-type control flies, the expression of
desat1-RC and -RE remained rhythmic (Figures 2A and 2B
and Tables S1 and S2) and mimicked the expression of Clk un-
der free-running conditions. The time of peak expression for
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Figure 2. PDF Signaling Modulates the
Phase of the Clock-Controlled Gene desat1
(A–C) Temporal expression patterns of desat1
(sum of all isoforms) and specific transcriptional
isoforms desat1-RC and -RE in the oenocytes of
Pdf01 (A), Pdfr5304 (B), and Pdfr5304; +; Pdf01 (C)
flies as determined by quantitative RT-PCR.
Canton-S and w1118 strains served as wild-type
controls for Pdf01 and Pdfr5304, respectively. Gene
expression was assayed on DD6. Relative gene
expression values represent the mean of n = 3
independent replicate time series (control, black
circles; mutant, gray circles). Error bars in-
dicate ±SEM. Best-fit cosine curves overlie the
relative gene expression values for each genotype
(control, solid black line; mutant, dashed gray line).
The time of peak desat1 expression for the
Pdfr5304; +; Pdf01 is indicated in (A)–(C) (open circle
with vertical dashed line). See Tables S1 and S2 for
fit parameter values and statistics.
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night of DD6, representing an advance in phase of roughly
9–12 hr relative to the expression profile observed under LD
conditions. When PDF signaling was disrupted, the expres-
sion of both RC and RE remained rhythmic (Figures 2A and
2B) and, as with the control flies, maintained a fixed
phase relationship to that of Clk. Similar to expression patterns
previously described for the clock genes in response to
disruptions of the PDF pathway, both RC and RE showed a
phase delay and a phase advance in Pdf01 and Pdfr5304
mutant flies, respectively, relative to wild-type controls
under free-running conditions (Figures 2A and 2B and Tables
S1 and S2). Moreover, the profile of desat1 transcript
expression of the Pdfr5304; +; Pdf01 double mutant displayed
a relationship (Figures 2A–2C and Table S1) identical to
that previously described for the clock genes (compare to
Figure 1).
To confirm the role of PDF signaling in influencing the free-
running period of the oenocyte clock, we generated a clock-
controlled luciferase reporter derived from the regulatory
sequence of the desat1-RE promoter. The RE promoter targets
transgene expression specifically to the adult male oenocytes
and reproductive organs (Billeter et al., 2009). With the desat1-
luciferase reporter (desat1-luc), it was possible to continuously
monitor the molecular rhythm of the oenocyte clock in living fliesNeuron 79, 5over many days in constant conditions. In
wild-type control flies, desat1-luc expres-
sion was significantly rhythmic with an
estimated periodicity of approximately
25 hr (Figures 3A and 3B, top row), repro-
ducing the circadian expression of the
endogenous desat1-RE transcript. When
placed in the mutant genetic background
of either Pdf01 or Pdfr5304, the desat1-luc
reporter ran with a long period of >28 hr
(Figures 3A and 3B, bottom row). Impor-
tantly, the introduction of a single trans-
genic copy of the wild-type Pdf gene(Pdfresc) rescued the long period phenotype of Pdf01, restoring
the period to near wild-type length (Figure 3C). Thus, Pdf and
Pdfr maintain the period of the oenocyte clock and desat1
expression.
The level of desat1 expression in the oenocytes directly corre-
lates with the amount of the sex pheromones 7-T, 5-T, and 7-P
expressed on the cuticular surface of male D. melanogaster
(Krupp et al., 2008). Therefore, we predicted that the effects on
the circadian expression pattern of desat1 in response to disrup-
tions in PDF signaling would produce corollary changes in sex
pheromone expression. We compared the sex pheromone
expression profiles of wild-type controls to that of Pdf01 and
Pdfr5304 mutant flies, during the subjective day and night on
DD6. Canton-S control flies expressed 7-T, 5-T, and 7-P at all
times of the day with significantly higher levels occurring during
the subjective night (Figure 4A), a time roughly corresponding
with the observed peak in desat1 expression. In comparison,
Pdf01 mutants showed a dramatic reduction in the amount of
7-T, 5-T, and 7-P at all time points and a loss of the subjective
day/night difference (Figure 4A). Similarly, Pdfr5304 mutant flies
showed a reduction in the absolute levels of sex pheromone
expression relative to w1118 controls (Figure 4B). Conclusions,
however, could not be drawn regarding the absence of temporal
changes in the level of expression in Pdfr5304, since w1118 failed
to show the predicted subjective day/night differences when4–68, July 10, 2013 ª2013 Elsevier Inc. 57
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Figure 4. PDF Signaling Influences the Expression ofMale Sex Pher-
omones
(A and B) Mean amounts of sex pheromones 7-T, 5-T, and 7-P expressed by
Pdf01 and Pdfresc, Pdf01 (A) and Pdfr5304 (B) males at times during the sub-
jective day (CT 4–7) and night (CT 16–19). Canton-S and w1118 served as wild-
type control males. n > 15 for each data point. Error bars indicate ±SEM.
Uppercase letters signify significant differences (ANOVA, p < 0.01). All cutic-
ular hydrocarbon extracts were collected on DD6. See also Table S6.
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PDF Modulates Reproductive Physiology and Behaviorsampled at circadian time (CT) 4–6 and 16–18. The decrease in
sex pheromone levels in Pdf01 and Pdfr5304were part of an over-
all reduction in the total amount of CHCs, encompassing all
chemical classes of hydrocarbon compounds (Table S6). Thus,
Pdf and Pdfr are necessary for regulating the expression of sex
pheromones and CHCs in general.
Next, we asked whether rescuing Pdf would restore sex pher-
omone expression. We found that the Pdfresc transgene rescued
the expression of 5-T and 7-P ofPdf01mutantmales to near wild-
type levels, but it failed to recover 7-T expression or subjective
day/night differences (Figure 4A and Table S6). The rescue of
sex pheromone expression, although only partial, further dem-Figure 3. Pdf Is Necessary for Setting the Period of the Oenocyte Cloc
(A–C) Analysis of the desat1-driven luciferase reporter (desat1-luc) expressed in P
in the top row of (A) and (B). Luminescence was monitored in living adult male fl
DD1–DD9 for (C). Leftmost column shows mean luminescence values plotted ve
normalized data. Gray shadings surrounding the plotted lines denote ±SEM. The
the normalized luminescence data. The Rhythmicity Index (RI) measures rhythm s
each data set is rhythmic; the RI for (C) is not significant, but the shape of the co
Maximum Entropy Spectral Analyses (MESA), a method applied to estimate perio
the principal periodicities by which desat-luc exhibited systematically fluctuatinonstrates the requirement for PDF in regulating oenocyte
physiology.
Oenocytes Respond to Direct Activation by Membrane-
Tethered PDF
The gene encoding the PDF receptor, Pdfr, is expressed by
the oenocytes (Figure S3), an indication that the oenocytes
are primed to respond to direct stimulation by PDF. To deter-
mine whether the oenocytes can respond directly to the PDF
peptide, we used the Gal4/UAS system to specifically target
the expression of a cell membrane-tethered form of PDF
(tPDF; Choi et al., 2009) to the oenocytes. The oenocyte
Gal4 driver oe-Gal4 (Billeter et al., 2009) was used to drive
tPDF expression. Flies expressing tPDF in the oenocytes
were compared to those expressing a scrambled PDF peptide
(tPDF-scr), a peptide containing the disarranged component
amino acids present in PDF. Flies heterozygous for oe-Gal4,
UAS-tPDF, and UAS-tPDF-scr transgenes served as negative
controls.
The misexpression of tPDF in the oenocytes resulted in a
significant increase in the levels of 7-T and 7-P relative to
tPDF-scr and heterozygous controls at all time points sampled
on DD6 (Figure 5A). Opposite to the decreased expression
found with the Pdf01 and Pdfr5304 mutations, tPDF induced
an overall increase in the total amount of CHCs, affecting all
chemical classes of cuticular compounds analyzed, except
CVA (Table S7). Thus, the oenocytes have the ability to directly
respond to the PDF peptide. Moreover, the relationship
between the gain-of-function expression of tPDF and the
loss-of-function Pdf01 and Pdfr5304 mutants with regard to
sex pheromone expression suggests that a common regulato-
ry pathway may be alternately activated and repressed by
these genetic manipulations.
The PDF ligand is thought to signal exclusively through PDFR
to affect the circadian rhythm in locomotor activity. To test the
requirement of PDFR as it relates to oeonocyte physiology, we
expressed tPDF within the oenocytes of Pdfr5304 flies and
assayed the expression of 7-T and 7-P. If PDFR is required for
tPDF activity in the oenocytes, then loss of PDFR function would
be predicted to block the phenotypic increase in sex pheromone
expression. Surprisingly, the loss of PDFR did not mitigate
phenotypic effects resulting from the expression of tPDF
(Figure 5B). The expression of 7-T and 7-P remained significantly
elevated in w, Pdfr5304; oe-Gal4/UAS-tPDF relative to negative
control flies w, Pdfr5304; oe-Gal4/+; UAS-tPDF-scr/+. Although
there remain unresolved questions, the relationship between
PDF and PDFR may be more complex than a simple model for
ligand-receptor interactions would suggest.k
df01 (A), Pdfr5304 (B), and Pdfrresc, Pdf01 (C) flies. Wild-type controls are shown
ies continuously under constant dark conditions DD2–DD8 for (A) and (B) and
rsus time for n number of individuals. The second column shows detrended,
third column represents the results of applying an autocorrelation function to
trength. The shape of the correlograms and associated RI values indicate that
rreleogram suggests rhythmicity. The rightmost column shows the results of
dicity. The abscissa position and height of the peak in the MESA plots indicate
g luciferase activity. Free-running period, t.
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Figure 5. Targeted Expression of Membrane Tethered-PDF in the
Oenocytes Increases Sex Pheromone Biosynthesis
(A and B) Mean amounts of 7-T and 7-P expressed by oe-gal4/UAS-tPDF (A)
and Pdfr5304; oe-gal4/UAS-tPDF (B) at times during the subjective day (CT 4–7)
and night (CT 16–19). Genotypes of control strains are as stated. n = 30 (A) and
n = 18 (B) for each data point. Error bars indicate ±SEM. Uppercase letters
signify significant differences (ANOVA, p < 0.01). All cuticular hydrocarbon
extracts were collected on DD6. See also Table S7.
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Physiology
Several populations of neurons express PDF in the adult fly.
These include the 16 ventral lateral clock neurons (vLNs) in
the brain and a cluster of approximately eight abdominal
ganglia neurons (AbNs) in the ventral nerve cord. To determine
which population of PDF-expressing neurons is responsible for
influencing oenocyte physiology, we utilized the Gal4/UAS
system to knockdown Pdf expression by RNAi (Shafer and
Taghert, 2009). The Dorothy-Gal4 (Dot-Gal4) and tim-Gal4
drivers were used to target RNAi to the AbNs and vLNs,
respectively (Figure S4). Using the desat1-luc reporter, we
asked which population of PDF-expressing neurons is involved
in regulating the free-running rhythm of the oenocyte clock.
Surprisingly, both the AbNs and the vLNs appear to play a
role in modulating the period of the oenocyte clock. Knock-60 Neuron 79, 54–68, July 10, 2013 ª2013 Elsevier Inc.down of PDF in either population of neurons resulted in a
long period (29 hr) relative to negative controls (25–26 hr;
Figure 6A and Figure S5), consistent with the phenotypes of
Pdf01 and Pdfr5304 (Figure 3).
Using the same means to knockdown PDF expression, we
also asked which population of neurons was necessary to sup-
port wild-type expression levels of male sex pheromones.
Here, only PDF derived from the AbNs played a role in regulating
oenocyte physiology. The PDF knockdown in the AbNs resulted
in a significant decrease in the amount of 7-T, 5-T, and 7-P
during both the subjective day and night on DD6 (Figure 6B
and Table S8), whereas the vLN knockdown had no affect on
pheromone levels (data not shown and Table S8). The extent
of the decrease in the expression of these pheromones in
response to the AbN PDF knockdown is consistent with that
shown for both Pdf01 and Pdfr5304 (Figure 4). Thus, it appears
that while both the vLNs and the AbNs contribute to the regula-
tion of the oenocyte clock, only the AbNs influence the
physiological output of the oenocytes.
Circadian Regulation of desat1, Sex Pheromone
Expression, and Mating Behavior Requires a Functional
Oenocyte Clock
The results above demonstrate that PDF signaling is involved in
the regulation of the oenocyte clock, desat1 expression, and
cuticular hydrocarbon production. Although desat1 has been
demonstrated to be under circadian control and integral to the
regulation of cuticular hydrocarbon synthesis, it is unclear
whether the rhythm of desat1 expression is dependent upon
the cell-autonomous clock mechanism of the oenocytes. To
determine the role of the oenocyte clock on the regulation of
desat1 expression, we used genetic means to disrupt themolec-
ular clockmechanism specifically in the oenocytes, while leaving
the central clock and other peripheral oscillators intact. To do so,
we used oe-Gal4 to drive the expression of a dominant-negative
form of the core clock gene, cycle (cyc;UAS-cycD; Tanoue et al.,
2004). CYCD acts by sequestering the endogenous CLK protein,
thereby reducing the efficiency of CLK to bind regulatory DNA
sequences and blunting its ability to activate the transcription
of per and tim. Flies expressing CYCD in the oenocytes (referred
to as oeclock- flies) were compared to those heterozygous for the
oe-Gal4 or the UAS-cycD transgenes.
In oeclock- flies maintained under constant conditions (DD1),
tim expression was dramatically reduced relative to controls
but maintained a weak, low-amplitude rhythm, whereas Clk ex-
hibited a constant high level of expression but with no discernible
circadian pattern (Figure 7A and Table S9). The altered expres-
sion profiles of tim and Clk indicate that both limbs (i.e., the
PER/TIM and CLK/CYC limbs) of the interconnected transcrip-
tional/translational molecular feedback mechanism of the oeno-
cyte clock are disrupted by the targeted expression of CYCD.
Targeted expression of CYCD also altered the profile of desat1
expression in the oenocytes. In contrast to controls, oeclock-
males exhibited a flat but stable level of desat1 expression
(i.e., the sum of all desat1 transcripts; Figure 7B and Table S9).
The oenocyte-specific transcript desat1-RE showed a similar
disruption in its circadian expression profile. However, RE
displayed an elevated steady-state level of expression (Figure 7B
Neuron
PDF Modulates Reproductive Physiology and Behaviorand Table S9). Thus, the circadian expression of desat1 requires
the activity of CLK in a way that is probably dependent upon the
molecular clock mechanism.
The oenocyte clockmay directly contribute to the regulation of
pheromone production by regulating desat1 expression. Indeed,
in response to the targeted expression of CYCD, we observed
significant changes in the absolute levels of 7-T and 7-P.
Correlating with the elevated steady-state expression level of
desat1-RE, flies with a disrupted oenocyte clock showed a sig-
nificant increase in the level of both 7-T and 7-P relative to con-
trols (Figure 7C and Table S10). Even with apparent disruptions
to the oenocyte clock and desat1 transcription, oeclock- males
continued to show a significant difference in the level of 7-T
between the subjective day and night, with peak levels occurring
during the night (Figure 7C). The amplitude change between day
and night was lower relative to controls, possibly an indication of
some residual clock activity. Together, these results indicate that
the endogenous circadian clock mechanism within the oeno-
cytes regulates desat1 expression, which in turn affects the level
of pheromone production and expression on the surface of the
cuticle.
The effects on male sex pheromones suggested that the
oenocyte clock may play a role in regulating the reproductive
behavior of Drosophila. To investigate this possibility, we utilized
a group-mating assay in which six virgin males were housed with
six virgin females and allowed to interact continuously over a
24 hr testing period. Under these conditions, individual wild-
type females will remate multiple times over a single 24 hr repro-
ductive episode. The temporal distribution and overall number of
rematings of oeclock- males was compared to UAS-cycD/+ and
oe-Gal4/+ heterozygous controls when separately grouped
with wild-type females. Mating assays were performed under
constant conditions on DD1.
The temporal distribution showed that oeclock- males and con-
trols remated at roughly the same frequency for the first 6–8 hr of
the 24 hr testing cycle (Figure 7D). Thereafter, the remating fre-
quency for oeclock- males flattened, remaining constant for the
rest of the subjective night and continuing into the next day. In
contrast, the remating frequency of the UAS-cycD/+ and
oe-Gal4/+ control males continued to increase before peaking
sharply during the middle-to-late portion of the subjective night
(CT 16–22). The mean number of rematings per male for oeclock-
was significantly different then that for oe-Gal4/+, but not UAS-
cycD/+ controls (Figure 7E), suggesting that differences in the
temporal pattern of remating behavior are not dependent on
the total number of matings per individual. Thus, the loss of a
functioning oenocyte clock resulted in a temporal difference in
remating behavior, without affecting the total number ofmatings.
Mating Behavior of Drosophila Is Modulated by PDF
The oenocyte clock, as shown above, is necessary for normal
sex pheromone expression and mating behavior. This raised
the question: what role does the modulation of the oenocyte
clock and its physiological outputs by PDF signaling play in the
regulation of mating behavior? To address this question, we
again used the group-mating assay. Here, the temporal distribu-
tion and overall number of rematings of control Canton-S males
were compared to that of Pdf01 males. Mating assays were per-formed in a light/dark cycle (LD 12:12) to more closely simulate
the light conditions that flies might typically experience in nature.
The temporal distribution showed that Canton-S and Pdf01
males when grouped with Canton-S females mated at roughly
the same rate for the first 6–8 hr of the 24 hr testing cycle
(Figure 8A). Thereafter, Pdf01males sustained a higher frequency
of remating than Canton-S during the late night and continued to
remate for several hours past dawn (zeitgeber time [ZT] 2–4).
Corresponding to this temporal difference, Pdf01 males mated
more on average than Canton-S, amounting to >1 additional re-
mating per Pdf01 male (p = 0.0085) relative to Canton-S controls
when paired with Canton-S females (Figure 8C, left). This rela-
tionship was also present in mating experiments performed
under constant conditions on DD6 (Figure S6).
When males were grouped with Pdf01 females, Pdf01 males
continued to mate more frequently than Canton-S males
(Figure 8C, right); however, this difference failed to reach signif-
icance. The distribution of matings showed that Pdf01 males
mated at a higher frequency relative to Canton-S during the
late night and continuing past dawn (Figure 8B). Overall, the
genotype of the female members of the group played a signifi-
cant role in the total number of rematings, regardless of the
male genotype, with Pdf01 females showing a stark reduction
in rematings relative to their Canton-S counterparts (Figure 8C).
Thus, Pdf01 males mate more, while Pdf01 females appear to be
more selective and mate less than Canton-S. The role of Pdf in
regulating oenocyte physiology and sex pheromone expression
may account for the effects on mating behavior.
DISCUSSION
The circadian system contributes to the temporal regulation of
social behavior. However, it is unclear how the circadian rhythms
of central and peripheral oscillators are integrated to temporally
organize social interactions. Here, we demonstrate that in
D. melanogaster the CNS conveys temporal information to pe-
ripheral clock cells via a neuroendocrine signaling pathway. Spe-
cifically, we found that the neuropeptide PDF, a factor required
for circadian behavior, modulates the timing and physiological
output of the peripheral oenocyte clock. We propose that the
PDF signaling pathway may act to temporally couple the circa-
dian mechanism in the oenocytes mediating sex pheromone
biosynthesis with mating behavior.
Temporal Regulation of Peripheral Oscillators by the
PDF Signaling Pathway
The PDF signaling pathway serves to coordinate circadian oscil-
lations of clock neurons in the brain of Drosophila (Lin et al.,
2004; Park et al., 2000; Yoshii et al., 2009), a precondition gener-
ally thought to be necessary for the generation of free-running
rhythms in circadian behavior. Here we show that PDF also plays
an ancillary role in directing the physiological rhythms of periph-
eral oscillators. Our results demonstrate that the PDF signaling
pathway, although not required for entrainment or sustained
rhythmicity, conveys phase information to the peripheral oeno-
cyte clock. The free-running molecular rhythm of the oenocyte
clock of Pdf01 flies showed a lengthened period and a subse-
quent phase delay under constant conditions, while that ofNeuron 79, 54–68, July 10, 2013 ª2013 Elsevier Inc. 61
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Figure 7. Targeted Disruption of the Oenocyte Clock Impacts the Circadian Expression of desat1, Sex Pheromone Biosynthesis, andMating
Behavior
(A and B) Temporal expression patterns of the core clock genes tim andClk (A) and desat1 (B) in the oenocytes of control (w1118; UAS-cycD/+) and oenocyte clock
disrupted (w1118; oe-gal4/UAS-cycD) males as determined by quantitative RT-PCR. Gene expression was assayed on DD1. Relative gene expression values
represent the mean of n = 3 independent replicate time series. Within each replicate experiment, the relative expression of w1118; oe-gal4/UAS-cycD was
calibrated to the peak expression value of the control w1118; UAS-cycD/+ (peak expression is equal to 1). Best-fit cosine curves overlie the relative gene
expression values for each genotype. See Table S9 for fit parameter values and statistics.
(C) Mean amounts of 7-T and 7-P expressed by control (w1118; UAS-cycD/+ and w1118; oe-gal4/+) and oenocyte clock disrupted (w1118; oe-gal4/UAS-cycD)
males at times during the subjective day (CT 4–7) and night (CT 16–19). n = 18 for each data point. Uppercase letters signify significant differences (ANOVA,
p < 0.01). All cuticular hydrocarbon extracts were collected on DD1. Error bars indicate ±SEM. See also Table S10.
(D and E) The temporal distribution (D) and mean number of rematings (E) occurring over a 24 hr observation period for control (w1118; UAS-cycD/+ and w1118;
oe-gal4/+) and oenocyte clock disrupted (w1118; oe-gal4/UAS-cycD) flies onDD1. The reduced level of mating for forw1118; UAS-cycD/+malesmay indicate a low
level of leaky CYCD expression in the brain possibly affecting behavior. n for each genotype is shown in parentheses. ANOVA: **p < 0.01. Error bars
indicate ±SEM in all panels.
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PDF Modulates Reproductive Physiology and BehaviorPdfr5304 flies showed a shortened period and a phase advance.
The relationship between Pdf and Pdfr confirmed that both
ligand and receptor are involved in setting the phase of the oeno-
cyte clock. Interestingly, this relationship also indicated that an
unidentified feature of the PDF signaling pathway (which mayFigure 6. Neuronal PDF Expression Is Necessary for Oenocyte Physio
(A) Analysis of the desat1-driven luciferase reporter (desat1-luc) expressed in
(w, UAS-Dcr-2; desat1-luc/Dot-Gal4; UAS-Pdf-RNAi/+), and vLN knockdown (w
monitored in living adult male flies continuously under constant dark conditions
versus time for n number of individuals. The second column shows detrended, no
third column represents the results of applying an autocorrelation function to the
RI values indicate that each data set is rhythmic. The rightmost column shows the
The abscissa position and height of the peak in the MESA plots indicate the p
luciferase activity. Free-running period, t. See Figure S4 for additional experime
(B) Mean amounts of 7-T, 5-T, and 7-P expressed by control and AbN knockd
Genotypes of control strains are as stated. n = 12 for each data point. Error bars in
extracts were collected on DD6. See also Table S8.include a second ligand or PDF-responsive receptor) retains
activity in the absence of either PDF or PDFR, actively delaying
or advancing the phase of the clock, respectively. Only in the
absence of both ligand and receptor did temporal input to the
oenocyte clock appear to be lost.logy
control (w, UAS-Dcr-2; desat1-luc/+; UAS-Pdf-RNAi/+), AbN knockdown
, UAS-Dcr-2; desat1-luc/tim-Gal4; UAS-Pdf-RNAi/+) flies. Luminescence was
from DD1–DD9. Leftmost column shows mean luminescence values plotted
rmalized data. Gray shadings surrounding the plotted lines denote ±SEM. The
normalized luminescence data. The shape of the correlogram and associated
results of MESA, a method applied to estimate periodicity in these time series.
rincipal periodicities by which desat-luc exhibited systematically fluctuating
ntal controls.
own flies at times during the subjective day (CT 4–7) and night (CT 16–19).
dicate ±SEM. ANOVA, **p < 0.001; ns, not significant. All cuticular hydrocarbon
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Figure 8. Pdf Affects the Amount and Temporal Distribution of Mating Behavior
(A–C) Temporal distribution (A and B) andmean number of rematings (C) occurring over a 24 hr observation period for Canton-S control and Pdf01male flies in LD
12:12. Male flies were mated with either Canton-S (A) or Pdf01 (B) females. The interaction between genotype and sex is shown in the mean number of rematings
per male (C). Pdf01 males mate more frequently than Canton-S males regardless of the genotype of the females but less often with Pdf01 females than with
Canton-S females. n for each genotype is shown in parentheses. ANOVA: **p < 0.01. Error bars indicate ±SEM in all panels.
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PDF Modulates Reproductive Physiology and BehaviorIn contrast to the rhythms in clock gene or desat1 transcrip-
tion, the desat1-luc reporter in Pdfr5304 flies showed a long
period phenotype equivalent to that of Pdf01 flies. The reason
for the temporal difference between the transcriptional rhythms
and the desat1-luc reporter in Pdfr5304 flies is not understood.
However, given that the desat1-luc transgene contains the pro-
motor and the 50 UTR of the desat1-RE transcript, it is plausible
that the expression of the luciferase protein is subject to addi-
tional regulatory influences that are not observable when
measuring clock gene and desat1 transcription alone. Mecha-
nisms of posttranscriptional regulation mediated by the 50 UTR,
such as transcript stability and translation, are involved in the
circadian regulation of clock-controlled genes in plants and
mammals (Kim et al., 2007, 2011; Ovadia et al., 2010). Similarly,
posttranscriptional regulation via micro-RNAs plays a role in the
circadian biology of Drosophila (Kadener et al., 2009), and
although there are no published examples of such regulation
through interactions with the 50 UTR, such a mechanism is
possible. As we have shown here, there are five desat1 isoforms
expressed in the oenocytes; each is identical in the protein cod-
ing sequence and only distinguishable by the 50 UTR. The differ-
ential regulation of these transcripts by the oenocytes probably
occurs at the level of promoter-mediated transcription, but the
diversity of 50 UTRs indicates a posttranscriptional mechanism
directing a higher level of regulation of desat1 expression. How
PDF signaling events link to the clock and the regulation of
clock-controlled genes is not known. As we have discussed,
our results indicate that the PDF signaling pathway may involve
complex regulatory interactions occurring at multiple levels dur-
ing the process of gene expression.
The ability of the oenocytes to maintain a molecular rhythm,
albeit shifted, in the absence of a coordinated central clock
and behavioral rhythms indicates that the oenocytes, like other
peripheral clocks, maintain a high degree of autonomy. As with
other peripheral clocks in Drosophila, the oenocytes express64 Neuron 79, 54–68, July 10, 2013 ª2013 Elsevier Inc.the gene encoding for the blue-light photoreceptor CRY
(J.J.K.and J.D.L, unpublished data) suggesting that the
oenocytes may directly entrain to the light/dark cycle. Therefore,
proper phasing between physiological and behavioral rhythms
may involve amechanismwhereby semiautonomous, photosen-
sitive peripheral clocks independently tune to the solar day yet
remain responsive to temporal input from the CNS. It is conceiv-
able that such a circadian system allows independently en-
trained oscillators to maintain close phase coherence under
varying environmental conditions.
How might the PDF neuropeptide reach the peripherally
located oenocytes? In flies, PDF-expressing neurons located in
the ventral lateral protocerebrum (vLNs) and abdominal ganglia
(AbNs) display many of the molecular and anatomical character-
istics of neurosecretory (neuroendocrine) cells (Kula-Eversole
et al., 2010; Park et al., 2008, 2011). The vLNs are clock neurons
and rhythmically release PDF from their axon terminals, whereas
the AbNs, not considered to be clock cells, do not show a circa-
dian change in PDF immunoreactivity (Park et al., 2000). Our
results suggest that both the vLNs and AbNs contribute to the
regulation of the oenocyte clock. Recently, PDF released by the
AbN terminals on the gut has been shown to affect the motor
activity of noninnervated regions of the renal system (Talsma
et al., 2012). Thus, it appears that PDF released by the AbNs is
able to remotely control the activity of distant tissues. Since the
oenocytes do not appear to be innervated (J.-C.B. and J.D.L,
unpublished data), there is no reason to expect that the oeno-
cytes receive direct synaptic input fromPDF-expressing neurons.
Instead, we suggest that PDF released into the hemolymph,
possibly by both the vLNs andAbNs,may function as a circulating
neurohormone to be received by the oenocytes and possibly
other tissues expressing PDFR. Although not shown in flies,
PDF has been demonstrated to be present within the hemolymph
of locusts (Persson et al., 2001), thus supporting the possibility
that the PDF peptide may act as a neuroendocrine factor.
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clock neurons has been hypothesized to reside in its ability to
adjust the intrinsic speed (and, subsequently, the period and
phase) of the molecular timekeeping mechanism (Yoshii et al.,
2009). The network of circadian clock neurons shows wide-
spread receptivity to PDF (Shafer et al., 2008). Depending on
the subgroup of clock neurons, PDF either lengthens or shortens
the period of themolecular rhythm,while in other neurons, PDF is
required to maintain rhythmicity (Yoshii et al., 2009). How the
same signaling pathway differentially affects the rhythms of
different groups of clock neurons is not known. Due to the fact
that we observed analogous phase effects on the molecular
rhythm of the oenocytes (even though both effects were
observed in a single cell type) indicates that the synchronizing
role of PDF signaling may generally apply to both central and
peripheral oscillators. Moreover, the phase-regulatory function
of PDF (whether the period is shortened or lengthened) may be
dependent on cell-autonomous factors expressed by the
responding cell. It will be important to determine whether other
peripheral clocks are likewise regulated by the PDF signaling
pathway, and if so, whether there are cell-type-specific differ-
ences in the intracellular signaling events linking PDFR to the
molecular clock mechanism.
PDF Signaling Affects Sex Pheromone Biosynthesis and
Mating Behavior
The involvement of the PDF signaling pathway in the regulation
of the oenocyte clock is indicative of a hierarchically structured
circadian system, with timing information provided by the CNS
serving to modulate the output of autonomous peripheral oscil-
lators. Consistent with the effects exhibited by the oenocyte
clock, the disruption of the PDF signaling pathway also phase
shifted the circadian expression of the clock-controlled gene
desat1. Notably in gene expression experiments, the expression
of desat1 closely tracked Clk, indicating that desat1 may be
regulated directly by an output mechanism of the cell-autono-
mous oenocyte clock, possibly via the transcriptional regulators
of the Clk gene, VRILLE and PDP1ε (Allada and Chung, 2010), or
possibly by CLK itself. Consistent with the possibility of direct
regulation, consensus binding sites or VRI, PDF1ε, and CLK
are present within the desat1 locus (Figure S2A).
Genetic manipulations affecting PDF expression also affected
the display of cuticular hydrocarbon compounds, including the
male sex pheromones 7-T, 5-T, and 7-P. Loss of Pdf or Pdfr
expression reduced sex pheromone expression, while misex-
pression of Pdf increased these compounds. We suggest that
these effects on pheromone expression reflect asynchrony
between components of the circadian system, those being
primarily the central pacemaker neurons and the oenocyte clock.
In the absence of phase information provided by the CNS via
PDF, the oenocyte clock and by extension the circadian expres-
sion of desat1 may become uncoupled from rhythms in other
physiological and behavioral processes necessary for proper
pheromonal output. In this way, seemingly subtle changes in
phase may lead to a misalignment between rhythms and an
amplified response in physiological output.
Several studies have demonstrated daily rhythmicity in court-
ship and mating (Hardeland, 1972; Sakai and Ishida, 2001;Tauber et al., 2003), thus implicating the circadian system in
the regulation of sexual behavior in Drosophila. Recently, others
have shown that the PDF-expressing vLNs are involved in medi-
ating a male sex drive rhythm (MSDR), a novel activity rhythm
displayed by males when individually paired with a female and
allowed to interact continuously for 24 hr (Fujii and Amrein,
2010; Fujii et al., 2007). Our results extend these findings by
demonstrating that the circadian system not only influences
courtship and mating but also regulates the physiology medi-
ating the production and display of chemical signals critically
important to sexual behavior. We propose that the PDF signaling
pathway and its ability to synchronize the activity of peripheral
and central oscillators may couple reproductive physiology
with behavior. In this regard, we suggest that the PDF signaling
pathway may act at two levels: within the individual (i.e., the
male fly), PDF signaling may influence both sexual characteris-
tics (pheromone expression) and sex drive, while between
individuals of the group, PDF-dependent effects on male phero-
mone expression may alter female mating behavior.
Studies in several organisms have demonstrated that fitness
benefits of the circadian system are evident in a light/dark cycle
but not in constant conditions or when out of phasewith environ-
ment cues (Dodd et al., 2005; Ouyang et al., 1998). These
studies offer the best evidence that the synchronization of phys-
iology and behavior with environmental cycles is important for
reproductive success. Here, we have shown that under normal
light conditions, the remating frequency of Pdf01 males is
increased but reduced in females. Thus, it seems that PDF
signaling affects male attractiveness or sex appeal, while also
influencing female receptivity and the choice of potential mates,
possibly acting to mediate terms of sexual conflict. How this
sexual balancing act, as it relates to PDF signaling in males
and females, affects the reproductive success of flies under
natural environmental conditions offers an interesting avenue
for future studies.
The circadian system of Drosophila is affected by input from
the social environment. Social experience can reset the daily
activity rhythms of the fly (Levine et al., 2002a) and alter the
molecular rhythm of oscillators present in the head, as well as
those residing in the oenocytes (Krupp et al., 2008). Given our
results here, it is conceivable that modulation of the PDF
signaling pathway may account for the broad effects on the
circadian system in response to the social experience. Consis-
tent with this possibility, Immonen and Ritchie recently showed
that Drosophila females exhibit elevated expression of Pdf
RNA after exposure to male courtship song (Immonen and
Ritchie, 2012), suggesting that the modulation of Pdf expression
at the level of transcription may play a significant role biologically
in response to sociosexual interactions. Indeed, the level of Pdf
transcription does seem to play a regulatory role within the circa-
dian system, as an increase in the relative expression of Pdf
within the vLNs has been shown to affect behavioral rhythms—
producing a slightly shortened period and a slightly advanced
evening peak in activity—without causing arrhythmicity
(Helfrich-Fo¨rster et al., 2000). Determining whether and how
endogenous Pdf expression is modulated by social cues, and
how this relates to the release of the PDF peptide, will provide
further insight into the PDF-dependent signaling mechanismNeuron 79, 54–68, July 10, 2013 ª2013 Elsevier Inc. 65
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circadian oscillators that influence social behavior.
EXPERIMENTAL PROCEDURES
Fly Strains and Rearing
All fly strains were reared on standard medium containing agar, glucose,
sucrose, yeast, cornmeal, wheat germ, soya flour, molasses, propionic acid,
and Tegosept in a 12 hr light/dark cycle (LD 12:12) at 25C in 40% to 50%
humidity. Previously described mutant and transgenic strains applied to this
study include Pdf01 and Pdfresc (Renn et al., 1999), Pdfr5304 (Hyun et al.,
2005), oe-gal4 (Billeter et al., 2009), UAS-cycD (Tanoue et al., 2004), UAS-t-
Pdf-ML (M6a) and UAS-t-Pdf-Scr (B3) (Choi et al., 2009), UAS-Pdf:RNAi,
UAS-DCR-2, tim-Gal4, and Dot-Gal4 (Shafer and Taghert, 2009). Oe-Gal4
drives expression in the oenocytes and male reproductive organs. To control
for genetic background, we outcroseed strains to either Canton-S or thew1118.
Canton-S and w1118 were used as wild-type control strains for Pdf01 and
Pdfr5304, respectively.
For quantitative PCR and cuticular hydrocarbon analyses, adult males were
collected within 24 hr posteclosion andmaintained inmixed-gender groups for
24 hr prior to being separated using CO2 anesthesia. Male pairs were subse-
quently raised in vials (10 3 75 mm) containing 1 ml of food medium and en-
trained for 3–4 days in LD 12:12 conditions prior to testing under the indicated
environmental conditions (LD, light/dark; DD1 or DD6, first or sixth full day con-
stant dark, respectively). For mating experiments, virgin adult males and
females were collected shortly after eclosion using CO2 anesthesia, kept in
same-sex groups of 20 in food vials (12 3 95 mm), and aged for 5–6 days in
LD 12:12 conditions prior to testing. For DD mating experiments, flies were
aged according to the LD treatment prior to being placed in constant condi-
tions and tested on DD6.
Oenocyte Dissection and Quantitative RT-PCR
Oenocyte dissections were performed as previously described in Krupp and
Levine (2010) and Krupp et al. (2008). Oenocytes were isolated from the dorsal
abdominal segments two to five of filleted adult male abdomens and immedi-
ately placed into cell lysis buffer for RNA isolation. Individual samples con-
sisted of the oenocytes pooled from eight male flies collected over a 2–3 hr
period. Full time series experiments consisted of oenocyte samples collected
at eight successive time points (six for CYCD experiments) spanning a 24 hr
period. Control and test oenocyte samples were collected and processed in
tandem at all stages of analysis.
RNA was isolated from dissected oenocyte preparations using the RNeasy
Micro kit (QIAGEN), and total RNA was reverse transcribed with the qScript
cDNA Supermix (Quanta Biosciences). Quantitative PCR (qPCR) reactions
were performed with the Perfecta SYBR Green Supermix (Quanta Biosci-
ences) on an Mx3005P Real-Time PCR System (Stratagene). The relative
level of gene transcript expression was determined separately for each
gene analyzed from cDNA prepared from a common pool of dissected oeno-
cytes. qPCR reactions were performed in triplicate, and the specificity of
each reaction was evaluated by dissociation curve analysis. Each experiment
was replicated three to four times. Relative expression amounts were calcu-
lated with the REST relative expression method (Pfaffl, 2001) with Rp49
serving as an internal reference gene. Within each replicate time series, all
time point values were calibrated to the peak level of expression, with the
peak value set equal to 1. Expression values for each genotype were cali-
brated independently except where indicated. See Supplemental Experi-
mental Procedures for the list of gene-specific primer sets were used in
quantitative PCR reactions.
Luciferase Assay
Luminometric monitoring was performed under DD condtions as described by
Plautz et al. (1997). Molecular time course data were evaluated using analytical
tools in MATLAB (see Krishnan et al., 2001; Levine et al., 2002b). Data showing
a regular rise and fall in the correlogram plot were deemed rhythmic. The
Rhythmicity Index assessed the strength of the rhythmswith higher values rep-
resenting stronger periodic fluctuations. Maximum Entropy Spectral Analysis66 Neuron 79, 54–68, July 10, 2013 ª2013 Elsevier Inc.(MESA) was used to estimate period. When multiple peaks were present, the
highest one was taken to estimate the primary periodicity. Mean period values
were computed for a given genotype from n individuals. See Supplemental
Experimental Procedures for details related to the desat1-luc construct.
Cuticular Hydrocarbon Analysis
For hydrocarbon analysis, flies were anesthetized with ether and placed into
individual glass microvials containing 50 ml of hexane containing 10 ng/ml of
octadecane (C18) and 10 ng/ml of hexacosane (C26) as injection standards.
To achieve efficient extraction, we gently agitated the microvials for 5 min.
Hydrocarbons were analyzed using a Varian CP3800 gas chromatograph
with a flame ionization detector (GC/FID) as described previously in Krupp
et al. (2008). Varian Star Integrator software (Varian) was used to quantify
compounds based on peak areas.
Group-Mating Assay
Group-mating assays were performed in disposable 55 3 8 mm Petri dishes
containing a fly foodslice (2235mm). Assayswere set upby sequentially intro-
ducing six virgin females followedby six virginmales of the indicated genotypes
using amouth pipette. Assayswere started at ZT 8 (17.00 hr) in an incubator set
at 25C and at LD 12:12. The ZoomBrowser EX software (Canon) controlled a
Canon S10 digital camera to take images of the assays at 2 min intervals for
24 hr. Constant red light illumination (l > 620 nm) was used to monitor mating
during the dark phase. Imageswere surveyed for copulating pairs and scored if
a pair was observed for at least four consecutive frames. The frequency and
time of remating events (after the first six matings) were assayed.
Statistical Analyses
Nonlinear best cosine curve fitting of gene expression data was performed in
SPSS (v16.0). Student’s t test was used to test for differences in fit curve
parameters. Two-way ANOVA followed by the post hoc Tukey-Kramer test
was used to determine whether pheromone levels differed between genotypes
at the given time points; it was also used to assess significance in mating
behavior. See Supplemental Experimental Procedures for further details
related to statistical analyses.
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